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ABSTRACT 
Rapid colonization by invasive plants can lead to failures of wetland restoration, 
particularly in forested wetlands where mature plant communities are slow to develop. To 
develop more effective methods for reducing the spread of invasive plants, I tested the 
hypothesis that planting native shrubs during the early stages of wetland creation can provide an 
alternative to herbicides by enhancing competition for light and other resources with invasive 
herbaceous plants, such as Phalaris arundinacea (reed canary grass). Planting native shrub live 
stakes in two created forested wetlands in Western New York State, USA, increased overall 
native herbaceous plant cover and biodiversity relative to plots without shrubs over a four-year 
period.  Invasive species richness was lowest in plots containing Cephalanthus occidentalis, 
while other planting combinations showed lower invasive species richness but less difference in 
invasive species richness relative to neighboring plots without shrubs. This finding was 
confirmed in a controlled greenhouse experiment, where shrubs limited growth of P. 
arundinacea, without negative reciprocal effects on the shrubs. One mechanism for the reduction 
in invasive plant cover was likely the significantly reduced light availability beneath shrubs. 
Shrub health varied among species over time, with a substantial reduction in survivorship 
following a winter with extreme low temperatures.  Overall health was highest for the winter-
hardy shrub species C. occidentalis. All species tested had higher survival rates and health 
assessment when planted in single-species plots rather than in combination with other shrub 
species and plantings in varying hydrological settings indicated that C. occidentalis and Cornus 
amomum drier soil than Salix sericea. This work shows the potential for native live stakes to 
deter pernicious invaders such as P. arundinacea and enhance the success of wetland restoration 
projects, but that plantings must be selected to ensure survival in variable hydrological and 
climate conditions.   
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INTRODUCTION 
Wetlands are complex ecosystems that provide essential services in the form of filtration, 
flood control, storm protection, and habitat (de Groot et al. 2012).  The loss of more than 50% of 
original global wetland area has led to significant negative impacts on regional biodiversity and 
human communities and economies (Gibbs 2000; Ausseil et al. 2013). United States Federal and 
State laws establish the concept of “no net loss” to protect the provision of overall wetland 
functions, requiring mitigation for unavoidable wetland destruction (Clean Water Act 1972).  
Typical performance measures for created wetlands established by The US Army Corps of 
Engineers include cover of native and invasive vegetation, survival of planted species, or 
sediment retention. However, created wetlands often fail to meet these permit requirements or to 
achieve functional equivalency with natural wetlands (Ambrose 2000). Improvements to 
restoration techniques are essential to more successful wetland restoration efforts and routine 
achievement of mitigation goals (Mitsch and Wilson 1996; Mitsch et al. 1998; Robb 2002). 
Failure during wetland creation often stems from colonization by non-native or invasive 
plants (Galatowitsch et al. 1999; Hovick and Reinartz 2007; Burlakova et al. 2008). Exotic plant 
introductions and domination of ecosystems have increased in frequency in recent decades, and 
24% of the most invasive species are wetland plant species (Caley et al. 2008; Pyšek and 
Richardson 2010; Zedler and Kercher 2004).  Typical wetland invaders create monotypic stands 
that alter the structure of the ecosystem, change hydrology, lower biodiversity, and alter nutrient 
cycling and primary production (Zedler and Kercher 2004). Wetlands, as landscape sinks, collect 
debris, sediments, and nutrients from the surrounding lands, leading to higher nutrient 
concentrations, such as nitrogen (Loken et al. 2016) and a high likelihood of invasion and 
susceptibility to downstream effects of land use/land cover changes in the watershed (Burlakova 
et al. 2008; Galatowitsch et al. 1999; Zedler and Kercher 2004; Zedler and Kercher 2005).  
Eradication of invasive nuisances or, minimally, control of spread are key goals for 
successful restoration (Zavaleta et al. 2001). However, common control methods such as 
chemical herbicide, disturbances to soil, and biocontrol require high monetary and physical 
expense (Zavaleta et al. 2001; Foster 2003) and may impact nearby native plants or allow for 
reestablishment due to untouched rhizomes (Apfelbaum and Sams 1987; Boutin et al. 2014).  
Better management of invasive plants through the application of assembly and response rules 
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that outline the characteristics of an ecosystem and predict responses to disturbance has potential 
to improve outcomes of wetland creation (Keddy 1992). These rules explain how ecological 
processes determine local community composition by filtering out species based on tolerance 
and competitive ability (Keddy 1992; Götzenberger et al. 2012). The divergent pattern of 
succession seen in forested wetlands indicates woody shrubs and larger trees will be 
competitively equal during the beginning stages of growth, but shrubs will reach maturity prior 
to trees (Huston and Smith 1987; Wright and Fridly 2010). As an intermediate successional step 
between herbaceous plants and trees, the intentional early establishment of woody shrubs may 
provide sufficient shade over invasive species in created forested wetlands (Hovick and Reinartz 
2007; Johnson and Miyanishi 2008) and shift the developmental trajectory to promote success of 
slow growing trees by limiting invasive forbs (O’Hara et al 1996; Swanson et al. 2011; Thomsen 
et al. 2012).  For such a method of restoration to work, the ability to control invasive plants must 
be consistent, repeatable, and measurable (Keddy 1999). Shrub species differ in tolerances to 
water inundation, nutrient availability, and competition with forbs and other shrubs (Allen and 
Farmer 1977; Lower et al. 2003; Pijut 2004; Wennerberg 2006; Zuzek and Vidmar 2017) and 
further information on these factors in a constructed wetland environment is needed to better 
capitalize on these interactions, counter invasive species, and achieve performance criteria.  
 While release from endemic pests and competitors that suppress plant growth in the 
native system allows invasive species to allocate more energy into quick growth in a novel 
system (Sakai 2001; Callaway and Ridenour 2004), knowledge and exploitation of competitive 
weaknesses may aid in the use of ecological control methods that avoid the use of costly 
chemical and mechanical control. Inhibition of invasive plant growth by native species may 
occur through competition for light or nutrients, or the release of chemicals that inhibit the 
growth of neighboring plants. The large trees present in mature forested wetlands create shade, 
limiting the growth of invasive species with high light requirements (Funk 2013; Welsch et al. 
1995). Following a natural disturbance that clears existing vegetation, a typical wetland 
successional pattern progresses: the growth of grasses and other herbaceous plants, followed by 
small shrubs, large shrubs, small trees, and then finally large trees (e.g., Clements 1916; Johnson 
and Miyanishi 2008). Construction or restoration of wetlands creates a similar disturbance, 
resetting the successional process.  In many cases, however, this opening allows invasion by 
shade-intolerant herbaceous species with otherwise wide environmental tolerances (Funk 2013; 
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Galatowitsch et al. 1999; Maurer and Zedler 2002; Swanson et al. 2011; Kercher and Zedler 
2004). Further, the root systems associated with trees can be larger with thicker roots than those 
of herbaceous species (Perry 1989), allowing for nutrients to be absorbed from greater distances 
and decreasing nutrient availability. In natural forested wetlands, this allows mature shrubs and 
trees to outcompete herbaceous species (Craine and Dybzinski 2013), but in restored wetlands 
with small, sparse trees, and especially in systems with high availability of legacy nutrients, 
herbaceous plants may have an advantage. Finally, the secretions of roots can influence 
neighboring species and wetland plant communities through allelopathic interactions (Jarchow 
and Cook 2009; Chon and Nelson 2013), which may be increased in the presence of the nutrient-
rich soil found at HANA and the complex root system architecture of forested wetlands.  
A common wetland invasive plant is Phalaris arundinacea or reed canary grass 
(Apfelbaum and Sams 1987; Jakubowski et al. 2010; Adams et al. 2011). Collections of P. 
arundinacea were found in the Pacific Northwest prior to the European settlement, suggesting a 
native variant (Merigliano and Lesica 1998). The alternative variant originated in Europe and 
Asia and was brought to North America during European settlement as a forage crop (Wilkins 
and Hughes 1932; Apfelbaum and Sams 1987). Seeds that go dormant but remain viable in the 
soil for a year or longer and the ability to create underground rhizome masses aid spread and 
durability of P. arundinacea (Comes et al. 1981; Leck 1996; Lavergne and Molofsky 2004). 
Both the native and alternative variants of P. arundinacea have created issues in a variety of 
ecosystems, especially in restoration areas, as they quickly dominate large areas and overtake 
native plants (Jakubowski et al. 2010; Lavergne and Molofsky 2004). 
Light availability and shade tolerance, as components of succession, may play an 
important role in the establishment and survivorship of P. arundinacea (Maurer and Zedler 2002; 
Perry and Galatowitsch 2004). The shade intolerance of P. arundinacea may make this species 
more likely to be subject to a pattern of succession termed “total suppression,” as the trees in a 
mature forested wetland have a major competitive advantage over invading P. arundinacea 
(Huston and Smith 1987). Fast-growing, broad-leafed or tall species may create shade to deter 
invaders (Hovick and Reinartz 2007), but may have similar negative impacts on shade-intolerant 
native species (Perry and Galatowitsch 2004). In a constructed wetland designed to be forested, 
these impacts are less problematic and creation of shade promotes competitive interactions that 
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filter out species based on ability to compete and thrive in the shade understory of a forested 
wetland.  However, there is little known about which shrub species are preferential for 
attempting to control invasive plants during construction and management of wetlands. Both the 
environmental tolerance of the shrub and the impact of the shrub on the surrounding species and 
physico-chemical environment must be taken into account. 
This study takes place in created forested wetlands in Western New York that were 
rapidly colonized by invasive plants, primarily P. arundinacea and Typha spp., following 
construction.  In order to meet permit requirements, control of invasive plants was required. In 
lieu of intensive herbicide use, strategic plantings of shrubs were used to limit invasive plant 
cover (Hovick and Reinartz 2007). Building on previous studies on light availability and 
competition in restored wetlands (Lindig-Cisneros and Zedler 2001; Perry and Galatowitsch 
2004), this study aimed to determine the impact of native woody shrubs on invasive plants, 
especially P. arundinacea, and to experimentally determine conditions for success of individual 
shrub species. We hypothesized that shrub presence would increase native species richness and 
cover and negatively impact invasive plants by decreasing light and nutrient availability. 
Greenhouse experiments involving shrub species utilized in the field investigated the interactions 
between shrubs and P. arundinacea, examining reciprocal impacts on growth and changes in soil 
chemistry. The overarching goal of this work is to provide recommendations for wetland creation 
practice that can be applied to multiple locations and will better achieve performance criteria 
while limiting the use of herbicides and mechanical control.  
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METHODS 
Site Description 
High Acres Nature Area (HANA), located in Perinton, (Monroe County) New York, 
USA is owned and managed by Waste Management of New England and New York, LLC. It 
includes a series of forested and emergent wetlands, forested uplands, ponds, and trails spanning 
over 97 hectares. The area was drained for farming and mining of glacial sand and gravel 
deposits in the 1800s. Once mining was abandoned, much of the area returned to wetlands 
because of the poor drainage, with some areas continuing to be used for row crop and livestock 
agriculture, leading to variable legacy soil nutrient concentrations (Cady unpub. data; Tyler et al. 
unpub. data). Waste Management purchased the property in 1986 and designated it for wildlife 
conservation, education, research and recreation. In 2009, expansion of the adjacent High Acres 
landfill with filling of extant wetlands led to the creation of 12 hectares of additional emergent 
and forested wetlands to mitigate wetland loss in compliance with the Army Corps of Engineers 
and the Department of Environmental Conservation (Figure 1; Stantec, Inc. 2009).  
Field experiments were conducted in two created forested/shrub/scrub wetlands at 
HANA: Area 2 North (A2N) and Area 3 (A3; Figures 1 and 2).  A2N, the focal research site, was 
drained for agricultural purposes until restoration. The initial restoration effort in 2009 created a 
central stream running through the site and lowered the overall soil surface elevation. Hydric soil 
was brought in from off site. A smaller field experiment was conducted in A3, a second forested 
wetland created in 2012, where prior use for cow pasture and watering fostered relatively high 
soil nutrient concentrations (Tyler unpub. data). Acer rubrum, Acer saccharinum, and Salix spp. 
were planted during initial creation of both wetlands. Following construction, however, both 
sites were rapidly colonized by a number of invasive species, including Typha latifolia, Typha 
angustifolia, Lythrum salicaria, Phragmites australis, and Phalaris arundinacea. In 2011, prior 
to the initiation of the experiments, A2N was treated with the herbicide glyphosate (AquaPro). 
To improve habitat, prevent degradation and meet permit requirements, hand-pulling and cutting 
along with routine spot spraying of glyphosate was conducted in May-June and August-
September of 2012-2015 at both sites, avoiding the experimental plots of this study. 
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Description of native shrubs 
 This study used five common native wetland shrubs that provide beneficial ecosystem 
services but differ in their environmental tolerance: Cephalanthus occidentalis, Cornus 
amomum, Salix sericea, Cornus sericea, and Viburnum dentatum. C. occidentalis is intolerant of 
dry soil, performing best in moist to wet conditions with sandy or loamy soils, but is tolerant of 
up to one meter of water (Wennerberg 2006). Plants grow rapidly from a live stake to nearly two 
m tall, creating shade and providing food for waterfowl and mammals. C. amomum grows in 
moist to very wet soil, forming dense thickets wherever stems touch the ground and providing 
fruits consumed by songbirds, game species and small mammals (Allen and Farmer 1977; 
Mohlenbrock 2006; pers obs). S. sericea grows in inundated conditions to dry upland areas, has a 
very rapid growth rate and grows up to four meters in height (Lower et al. 2003). Its leaves are a 
food source for many herbivores (Roche and Fritz 1997), and fruits attract birds, making it a 
good choice for forested wetland restoration projects when bird utilization is a desired outcome 
(Brown and Smith 1998). C. sericea, also a common species used in wetland restoration projects 
and adaptable to many soil conditions, was used in the greenhouse experiment to provide a 
comparison between Cornus species. C. sericea has numerous branches and can grow to over 
three meters wide, producing white fruits eaten by mammals and songbirds (Pijut 2004).  V. 
dentatum was added in the second field study and tolerates a range of soil conditions and attracts 
numerous birds with an abundance of fruit (Nesom and Davis 2002; Zuzek and Vidmar 2017). 
Native shrub planting in Area 2 North 
The primary field study in A2N was designed to determine: (1) if shrubs perform better 
in single or two-species plantings, (2) if the hydrological setting influences survivorship, (3) the 
influence of shrubs on other plants, and (4) the influence of shrubs on the physico-chemical 
environment. In May of 2012, live stakes of C. occidentalis, C. amomum, and S. sericea acquired 
from Southern Tier Consulting, Inc. (West Clarksville, NY) were planted in a randomized design 
of all possible combinations of single and dual-species (six combinations), and at four possible 
distances (0, 2, 5, and 10 meters) from the central stream network (n = 5; Figure 1). Plot distance 
from the stream was used as a proxy for elevation and water availability and was verified by 
measuring standing water depth at three points in each plot in September 2015, when the wetland 
was flooded. Water depth decreased significantly among all distances from the stream (one-way 
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Analysis of Variance [ANOVA] with Tukey post-hoc test; DF = 3, F = 266.81, P < 0.0001). At 
each distance, 30 - 1 m2 plots were established and five live stakes were planted in the center 
point of the plot and center of each of the four quadrants by driving a rebar rod into the soil, 
inserting the stake into the resulting hole, and gently repacking the soil around the stake. Two 
species plots contained three stakes of one species and two stakes of the second. Plots containing 
C. occidentalis and C. amomum or S. sericea always contained three live stakes of C. 
occidentalis, while for two species plots with C. amomum and S. sericea, the species with the 
higher stake count was randomly determined. In June of 2013, paired reference plots were 
established 1-2 m from 75 of the original shrub plots (13 paired with each single-species plot 
type, and 12 paired with each dual-species plot type) in order to determine the relative impact on 
diversity and percent cover (Figure 1). A sub-set of 30 of these paired plots representing all six 
planting combinations (n = 5) arranged randomly across water depths was used for physico-
chemical assessment. 
Shrub health and survivorship and percent cover of all forb species was assessed in all 
plots in June-July and September-October from June of 2012 until June of 2015 (paired no shrub 
plots starting in June 2013). Each assessment was conducted by three independent observers and 
averaged to minimize observer bias. Plant health was assessed based on the 2010 method of 
Clark for trees and large shrubs (0=dead, 1=poor, 2=fair, 3=good, 4=very good and 5=excellent; 
Table A1).  For statistical analysis, mean health ratings per species per plot were averaged for 
each year across seasons (five values for single-species plots and two or three values per species 
for dual-species plots). Survivorship was calculated based on the number of each shrub species 
alive (health > 0) versus the original number planted per plot. In the event that a live stake was 
deemed dead and given a health rating of zero, but found alive in a later season, the previous 
season’s survivorship was retroactively adjusted to account for this. A full-factorial three-way 
ANOVA using number of shrub species, distance, and sampling year as fixed factors was 
conducted for health rating and survivorship of each species individually to determine impacts of 
distance and planting combination over time. The large sample size used in this experiment 
allowed for normality to be assumed (Ghasemi and Zahediasl 2012). Health and survivorship 
were compared among species for the last year of the study using shrub species, distance and 
number of species as fixed factors in a three-way ANOVA with Tukey post hoc tests to 
determine differences among groups.   
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Percent cover of all forb species was recorded in each of the original 120 plots as well as 
the additional 75 control plots each summer (June/July) and fall (September/October) in order to 
analyze the role of shrubs in plant community composition. In 2012, a scale of one to five was 
used to assess cover of shrubs and herbaceous plants (1 = Present to 5% cover; 2 = 6% - 25%; 3 
= 26% - 50%; 4 = 51% - 75%; 5 = 76% - 100% cover [Hovick and Reinartz 2007]) with 
midpoints used for statistical analysis.  Measurements in 2013, 2014 and 2015 were estimates of 
exact percent cover of each species.  
The Shannon-Weiner Diversity index, total species richness, and species richness of 
invasive and non-invasive plants separately were calculated for each plot using PRIMER 6.0 
(PRIMER-E, Auckland, NZ). Paired t-tests were used to compare diversity indices between plots 
containing shrubs and their corresponding plots without shrubs for all species combined. 
Separate paired t-tests between paired shrub and no-shrub plots were conducted for each shrub 
species in 2013, 2014, and 2015 to analyze differences in overall invasive cover, overall non-
invasive cover, and P. arundinacea cover.  The difference in cover between paired plots (percent 
cover in shrub plot minus percent cover in non-shrub plot) was calculated for species that were 
consistently in at least 33% of plots and/or an average cover of at least 4% across all plots within 
one season, and for total invasive forb cover and total native forb cover.  This difference index 
was analyzed among the three shrub species using a Wilcoxon test for each year individually.  
The species targeted for percent cover analysis included: Leersia oryzoides, a grass native to 
North America that is visually similar to P. arundinacea (Darris 2008); Polygonum 
hydropiperoides, a species of smartweed found across North America, Alisma subcordatum, a 
water plantain native to North America and often eaten by waterfowl (Mohlenbrock 2006); L. 
salicaria, an invasive species creating monotypic stands in other areas of HANA; Typha spp., 
including both the native and exotic variants which are both invasive (Brousseau 2006); and P. 
arundinacea. 
Light availability at ground level was measured between 11:00 AM and 3:00 PM in June 
2014 in 30 shrub and no shrub pairs using a LI-COR Li-250A 2pi quantum light sensor between 
11:00 AM and 3:00 PM.  Three points (Northeast corner, center, and Southwest corner) per plot 
were averaged. A Wilcoxon Signed Rank test between paired shrub and no-shrub plots was run 
to analyze light availability because lack of normality precluded a parametric analysis.  Soil 
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nutrient availability was assessed in the 30 plot pairs in September of 2014 and 2015. One soil 
core (8 cm depth x 3.2 cm diameter) was collected in the northeast corner of each plot and frozen 
at -20°C until analysis. To extract nitrate, two 5 g subsamples were taken from each thawed 
sample. One subsample was dried for measurement of dry weight and one was shaken with 50 
mL 2M KCL, then centrifuged and filtered (0.45 m Supor filter). A Lachat Quikchem 8500 
Autoanalyzer was used to measure nitrate using the cadmium reduction method (Lachat 2003). 
Total soil phosphorus content was measured using a 0.1 g subsample of homogenized, oven-
dried soil. MgNO3 (50% w/v) was added prior to ashing for 2 hours at 550°C in a muffle 
furnace. After cooling, 10 mL 1M HCl was added and the samples were shaken for 16 hours. 
Subsamples were diluted ten times and phosphate concentration measured on a Shimadzu UV-
Vis 1800 Spectrophotometer using the ammonium molybdate method (Kempski n.d). Nitrate and 
phosphate concentrations were calculated based on dry weight. A paired t-test was utilized to 
demonstrate differences in soil phosphate between plots with and without shrubs for each year 
separately. For nitrate, a Box-Cox transformation was performed to achieve normality ((X0.467 - 
1) ÷ 0.158) prior to analysis. 
Native shrub planting in Area 3 
A second shrub planting was conducted in June of 2015 in Area 3 to validate results 
obtained from the primary experiment. The same planting format was used, with five single 
species live stakes planted in each plot. Along with C. amomum, S. sericea, and C. occidentalis, 
C. sericea and V. dentatum were also planted. Fifty paired shrub-no shrub plots (10 per species) 
were evaluated for species richness, biodiversity, and percent cover of invasive and non-invasive 
species in August using methods previously described. Total, invasive species, and non-invasive 
species richness, the Shannon-Weiner biodiversity index and percent cover of invasive and non-
invasive species were analyzed for each shrub species using paired t-tests. The common species 
used in percent cover analyses were selected using the same criteria as in Area 2 North and 
included: L. oryzoides, also used in the Area 2 North study, Urtica dioica, a nettle commonly 
found in wetlands at HANA, and Epilobium parviflorum, a willowherb often found in marshes 
and spread throughout Area 3, Typha spp., both the native and exotic variants found in the A2N 
study, and P. arundinacea. 
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Native shrub impacts on P. arundinacea in a greenhouse setting 
A greenhouse experiment was conducted in summers of 2014 and 2015 to evaluate the 
reciprocal impacts between native shrubs and P. arundinacea, and elucidate potential 
mechanisms behind field results. Blow-molded pots (2.5 L) from Nursery Supplies Inc. were 
enclosed in a plastic bag to maintain soil saturation and filled with 900 mL of Miracle-Gro 
Moisture Control Potting Mix. The pots were watered using tap water every other day from July 
through September of 2014 and 2015.  P. arundinacea seeds obtained from Thrifty Hut Exotic 
Plants and Seeds were planted in July of each year. After 10 days, seedlings were culled to 10 
culms per pot and one live stake was planted in shrub treatment pots.  Shrub live stakes (C. 
sericea [RO], C. amomum [DW], C. occidentalis [BB], and S. sericea [W; 2015 only]) were 
again obtained from Southern Tier Consulting, Inc.  Treatments included single-species shrubs 
pots (n = 15 per shrub species), single-species P. arundinacea (n = 15), and combinations of the 
shrubs with P. arundinacea (n = 10 per shrub species). Pots were arranged in a randomized block 
design in the greenhouse, with five blocks containing two pots of each treatment, and one 
additional block containing five pots of each combination (shrub + RCG) and five P. 
arundinacea only pots. 
Each year, P. arundinacea height, to the tallest leaf, and total culm counts per pot 
(survival) were measured every two weeks until the plants senesced in September. Shrub live 
stake health was assessed every two weeks by leaf counts. The total number of live shrubs were 
counted at the end of the experiment to determine P. arundinacea presence on shrub survival by 
species. In 2015, P.arundinacea biomass of each individual culm was determined by clipping 
aboveground material and measuring the dry weight, with subsequent determination of the mean 
mass per culm per pot for statistical analysis.  At the end of the experiment in 2015, soil pH, as a 
proxy for the release of allelopathic chemicals (Belz and Hurle 2004), was analyzed using sieved 
(6 mm mesh) and homogenized soil.  A 2:1 (V/V) slurry of deionized water to soil was created 
using an electric stirrer until a uniform suspension was achieved (Gelderman and Mallarino 
2012). A Hach ItelliCAL PHC101 pH probe was used to measure pH in the samples after being 
calibrated with Hach 4.01, 7.00, and 10.01 pH buffer solutions. 
A one-way ANOVA with post hoc Tukey tests was conducted on P. arundinacea heights 
by treatment in 2014, while a nonparametric Kruskal-Wallis test was required for height in 2015, 
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survival in 2014 and 2015, and mass per culm in 2015 due to non-normal data. Shrub leaf counts 
between pots with and without P. arundinacea were analyzed individually by shrub species 
using Wilcoxon-rank-sum tests. Following Box-Cox transformation ((X-2 - 1) ÷ -0.007) to 
achieve normality, a one-way ANOVA test was conducted, with post-hoc tests conducted on pH 
values.  
RESULTS 
Native shrub development and impact on wetland plant growth 
Shrub health and survival. After the first two years, the average shrub survival per plot was 
approximately 94%, with only slight variability among species: C. occidentalis (96 ± 2%; all 
error estimates hereafter are the standard error of the mean), C. amomum (90 ± 3%), and S. 
sericea (95 ± 2%). In summer 2014, average survival decreased to 63% (C. occidentalis (62 ± 
5%), C. amomum (60 ± 5%) and S. sericea (61 ± 5%)) with a corresponding decrease in health 
for all shrub species (Figure 2; Figure 3). There was a significant interaction between Year and # 
of Species and Year and Distance for survival of C. occidentalis and C. amomum, as 
survivorship declined differently over time in single species than two species plots, and at 
different distances from the creek (Table 1). Shrub health rating was significantly lower in two-
species plots than single-species plots and this effect increased with successive years (# of 
Species x Year interaction for all species, P < 0.05), so that by the end of the study shrub health 
assessments were substantially greater for all species in single relative to two-species plantings, 
with average health 1.2, 0.7 and 0.8 points greater on the five point scale in single-species plots 
for C. occidentalis, C. amomum, and S. sericea, respectively. (Figure 2; Table 1; Table A2). 
Survivorship was lower in two-species plots, but not significantly so. At the end of the study, 
overall, health was highest for C. occidentalis in single-species plots, and lowest for S. sericea in 
two-species plots (Figure 2). The C. occidentalis single-species average was significantly higher 
than any dual-species average (Post hoc Tukey test; Figure 2; Table 2). When examining shrubs 
regardless of pairing, C. occidentalis and S. sericea stakes averaged significantly higher health 
ratings compared to C. amomum in 2015 (Post hoc Tukey test; Figure 2; Table 2). In 2015 there 
was an increase in health from 2014, indicating shrub rebound (Figure 2). Significant differences 
in health rating were not seen among distances (Table 1), however in 2015 the greatest health 
was found at 5 meters for C. occidentalis stakes, 10 meters for C. amomum stakes, and 0 meters 
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for S. sericea stakes (Figure 2).  
Influence on other plant species. Species richness of all forbs and non-invasive forbs was 
significantly higher in plots with than without shrubs in all years (P ≤ 0.01 for all; Figure 4a; 
Table 3). There were fewer invasive species than non-invasive species in all plots in all years, 
and the richness of invasive species was lower in shrub plots than non-shrub plots in 2013 and 
2014 (P < 0.0001; Figure 4a; Table 3).  Plots containing C. occidentalis had lower invasive plant 
richness than paired plots without shrubs, and all other shrub plots (Table A2).  The forb 
diversity index was also significantly higher in shrub plots for 2013 and 2014 (P = 0.001 and P 
<0.0001; Paired t-test; Figure 4b; Table 3). The difference in invasive plant cover between shrub 
and no-shrub plots was consistently negative, indicating higher percent cover in no-shrub plots 
(Figure 5a; Table A3).  These differences were significant for C. occidentalis in all years and for 
S. sericea in 2014 and one-way ANOVA results suggest that the effect of C. occidentalis on 
invasive species was greater than for other species in 2013 and 2014 (Figure 5a; Table 4). P. 
arundinacea cover was consistently higher in plots without shrubs in 2013 and 2014, but this 
effect decreased over time (Figure 5c; Table A3). Paired t-tests per shrub species indicated 
significant differences between treatments for L. oryzoides and U. dioica, with C. occidentalis 
plots having the highest mean L. oryzoides cover and S. sericea plots having the highest mean U. 
dioica cover in 2013 (Figure 5a, Table A3). Shrubs had a positive impact on non-invasive forb 
cover in 2013, with less consistent results and no differences between species in successive years 
(Figure 5b; Table A3).  
Physico-chemical results.  Light availability was significantly lower beneath shrubs than in 
plots without shrubs (DF = 29, t = 7.18, P < 0.0001; Figure 6a). Soil nitrate concentrations were 
similar in shrub and no shrub plots in both 2014 and 2015 (DF = 58, t = -0.72, P = 0.476; DF = 
58, t = 1.03, P = 0.306; Figure 6b). Phosphate concentrations were not different in 2014 (DF = 
58, t = 1.25, P = 0.218), but were significantly higher in no-shrub plots in 2015 (DF = 58, t = -
2.13, P = 0.038; Figure 6c). 
Verification experiment.  At the end of a single growing season, the presence of shrubs in Area 
3 yielded significantly higher non-invasive forb species richness in C. occidentalis, C. amomum, 
and S. sericea plots and higher total forb richness in C. amomum and S. sericea plots than in 
plots without shrubs (Paired t-test, Figure 7a; Table A4) and significant difference in Shannon-
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Weiner Diversity index in S. sericea plots compared to plots without shrubs (Paired t-test, Figure 
7b; Table A4). Averages indicated C. occidentalis plots had the highest averages for total 
richness and non-invasive species richness and the lowest invasive species richness, while V. 
dentatum plots had the highest Shannon-Weiner Diversity Index (Table A4). There was 
significantly higher cover in shrub plots for non-invasive Epilobium spp. and U. dioca (Figure 8; 
Table A5). C. occidentalis also had a significant impact on shade tolerant species, similar to the 
Area 2 North study, demonstrating significantly higher percent cover of L. oryzoides in 
comparison to plots without shrubs and other shrub plots (Figure 8; Table A5). Significantly 
lower cover for invasive P. arundinacea was seen in plots with C. occidentalis compared to 
paired no-shrub plots (Figure 8; Table A5). 
Greenhouse experiment. P. arundinacea survivorship was significantly reduced with all shrub 
species in 2014 (DF = 3, F = 13.9, P = 0.003), but in contrast, was highest when paired with C. 
occidentalis than any other treatment in 2015 (DF = 4, F = 15.29, P = 0.004) (Figure 9a).  P. 
arundinacea height was significantly negatively impacted by all shrubs in 2014 and 2015, with 
no significant difference between shrub species in 2014 and greater variation between shrubs in 
2015 (DF = 3, F = 7.88, P = 0.0002; DF = 4, Chi Square = 37.38, P < 0.0001, respectively; 
Figure 9b). Mass per culm of P. arundinacea in 2015 was significantly higher with C. 
occidentalis than in controls or other shrub treatments, which were statistically similar (DF = 4, 
Chi Square = 19.6, P=0.0006; Figure 9c). There was no relationship between shrub survival or 
leaf count and presence of P. arundinacea (Figure 10a and 10b; Table 7). pH was similar among 
pots with only P. arundinacea and only shrubs, but combination pots had significantly lower pH 
values than P. arundinacea alone (DF = 8, F = 9.46, P < 0.0001; Figure 11).   
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DISCUSSION 
The most successful invasive species have a high reproductive output, survive in a wide 
range of habitats, and have high fecundity (Baker 1974). These traits can make them detrimental 
to wetland ecosystems and problematic in restoration efforts. Invasive herbaceous species, such 
as those found in this study, depend more upon seedling recruitment and clonal growth than 
woody species (Silvertown et al. 1993), indicating that while eradication may not be likely, 
reduction of spread is necessary to prevent monoculture of undesirable species. Interactions 
between invasive species and native shrubs created positive outcomes for restoration of wetlands 
by decreasing invasive plant cover and increasing non-invasive species and overall plant 
diversity. Even the modest reduction in invasive cover observed in this study suggest potential 
for the native shrubs to improve restoration.  
The shrubs utilized in this study were chosen for their ability to create thickets or taller 
canopy over smaller species while also providing habitat and food resources (e.g. Allen and 
Farmer 1977; Brown and Smith 1998; Pijut 2004).  However, in order to improve chances of 
mitigation success using native shrub species, the survival and continued growth of those shrubs 
is essential, necessitating an understanding of the environmental conditions that support growth 
from a live stake and assembly rules that describe conditions for limitation of undesirable 
species. During planting and establishment, shrubs may perform poorly in competition with other 
shrubs, as seen by comparisons between single-species and two-species plots. This effect 
increased over time, suggesting that the competitive influence of shrubs on one another increases 
as the plants mature and as plants face extremes of climatic variability. In 2012 until the fall of 
2013, weather conditions were close to the mean climate for the region (87 cm rainfall, 252 cm 
snowfall, 20°C average summer temperature, and 3°C average winter temperature) 
(weatherdb.com). However, winter 2013 was anomalous, with the average low temperature 16 
°C lower and snowfall >30 cm greater than the regional average. This may have precipitated the 
severe health decline seen in the summer of 2014.  
After four years, C. occidentalis was the most successful species in both single-species 
and two-species plots. When multiple species of shrub are grown in the same small area, 
competition for water, nutrients, and light may be significant factors in the success of either plant 
(Moody and Meentemeyer 2001). The variability in annual climate placed additional stress on 
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plants depending on hydrological conditions (i.e. distance from creek), potentially contributing to 
the failure of shrubs competing for limited water supply. Significant interactions between 
distance or planting combination and year (Table 1) demonstrated differences in competitive 
ability between species based on water levels, that varied across years and was compounded 
following an especially cold winter.  At the end of the study, highest health and survivorship was 
observed for C. occidentalis at moderate wetness, C. amomum in the driest conditions, and S. 
sericea at all distances, except for the very wettest. V. dentatum which was added for the Area 3 
experiment, was utilized for its ability to tolerate moisture and nutrient variation, allowing it to 
do well in all areas of Area 3. Area 2 North and Area 3 differ in their prior land use and nutrient 
levels, yet the studies had similar results, alluding to the transferability of planting 
recommendations.  
In order to avoid competition and die-off of shrubs, the results of this experiment and 
previous work suggest that the best practice is to plant single-species plots, but plant a variety of 
shrubs overall in order to increase local biodiversity (Goldberg and Barton 1992). Further, the 
planting of multiple species with varying degrees of environmental tolerance may insure survival 
of some plants in harsh conditions, particularly if attention is paid to the moisture requirements. 
The high mortality rates observed here suggest planting at least two times the desired density, in 
order to ensure survival of a sufficient number of plants to create shade and meet permit 
requirements.  
At the end of this study, invasive species covered only 10% of area planted with shrubs, a 
significant reduction relative to area without shrubs (17%).  Shrubs also fostered higher overall 
species richness and higher biodiversity in Area 2 North, as observed in previous work (Hovick 
and Reinartz 2007; Thomsen et al. 2012). Regulation for mitigation typically includes 
performance indicators such as invasive cover. While <10% invasive cover is often considered 
acceptable, the goal for this particular project was <5% (U.S. Army Corps of Engineers permit). 
Thus, some tolerance of invasive plants is permitted, but the cover must be kept in check. It is 
clear that native shrubs don’t entirely eliminate invasive plants, but provide a mechanism for the 
reduction in overall cover.  
Numerous factors influence the growth of both invasive and native plants, with nutrient 
availability, shading, and allelopathy as key factors determining outcomes. Competition from 
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shrubs may be multifaceted, as they began to create shade and influence soil conditions (Craine 
and Dybzinski 2013). My greenhouse experiment demonstrated that shrubs have the potential to 
decrease P. arundinacea survival and plant height, without impacting biomass, and may thus 
slow overall spread of this invasive plant in the field. This reduction was observed in the field as 
well, where native shrubs, especially C. occidentalis, decreased the spread of invasive plants 
while enhancing overall species richness in both Area 2 North and Area 3. Greenhouse results of 
this study not only mimic field results, but also match outcomes of other similar experiments. In 
previous potted plant experiments examining woody species grown in combination with invasive 
P. arundinacea, the grass had a negative impact on larger tree species such as A. saccharinum in 
the developing stages, but not on shrubs (Thomsen et al. 2012). In this study shrubs species 
responded similarly regardless of P. arundinacea presence, and similar to field, survival was 
highest for C. occidentalis. While morphological differences create difficulties in comparing leaf 
counts, it is also notable that C. occidentalis greenhouse shrubs also possessed higher average 
leaf counts than any other species.  
The reduction in light availability beneath shrubs may have been associated with 
decreased cover of shade intolerant P. arundinacea and promoted more shade-tolerant species 
such as L. oryzoides. Germination of P. arundinacea seedlings in the dark is greatly reduced 
(Lindig-Cisneros and Zedler 2001), and post-germination survivorship is lower in shade (Maurer 
and Zedler 2002). While less shade tolerant species survived during the early growth of shrubs, 
the shade-tolerant species L. oryzoides (Darris 2008) became more dominant during the period of 
shrub growth in 2013 prior to the harsh winter. Greatest cover of L. oryzoides was seen beneath 
C. occidentalis which had grown the best and S. sericea which is a species with many leaves. L. 
oryzoides also dominated in C. occidentalis plots in the short term experiment in Area 3, 
supporting the idea that shade-tolerant species will thrive in the presence of shrubs. If the Area 3 
study were continued, it may reflect the results seen in the Area 2 North experiment as well as 
other studies that have demonstrated a successional pattern of early success of herbaceous 
invaders, then eventual success of woody shrubs and tree species (e.g. Battaglia et al. 2002).  
Compounding the effects of shading, root systems also impact the surrounding soil by 
secretion of chemicals and acids that interact with the soil microbial community, lowering the 
pH and contributing to organic carbon pools (Badri and Vivanco 2009). In this study, shrubs 
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planted alone did not create disturbances to soil, but the combination of shrubs and P. 
arundinacea may have produced an allopathic interaction leading to differing soil pH in 
combination pots in the greenhouse (Belz and Hurle 2004). This would indicate that in forested 
wetlands, if the native shrubs can reset the successional process, they can create a total 
suppression pattern of succession and outcompete the herbaceous invaders (Huston and Smith 
1987). 
Previous studies indicate high nitrogen availability correlates with P. arundinacea 
dominance (Perry et al. 2004; Perry et al. 2010), supporting the high nitrogen uptake capacity (up 
to 275 kg N ha-1) (Rückauf 2004).  The results of this study suggest that over time with 
successful shrub growth, competition for nutrients with species that have a high nitrogen 
requirement may be a potential mechanism for reduction. In many North American wetlands, 
nitrogen is not only limiting to primary production, but high concentrations may lead to the 
success of invasive species (Larkin et al. 2012). Due to the high N concentration often found in 
restored wetlands (Loken et al. 2016), and the especially high concentration noted in this study 
due to watershed and legacy nutrient sources (Tyler et al. unpub. data), effects of the plants on 
the soil may be less impactful.  However, the reduction in phosphate in the last year of the study 
may reflect a trajectory towards mature soil concentrations in the presence of shrubs that may in 
turn limit invasive plants with a high nutrient requirement (Lane and Autrey 2015). 
Conclusion 
Wetland restoration projects often require large amounts of capital, time, energy, and 
often chemicals to develop viable wetland habitats without an overwhelming presence of 
invasive species. For successful restoration, proper selection of native species is required, with 
attention to ecological assembly rules and the desired successional trajectory. Planting in single-
species plots lead to the healthiest shrubs and greatest impacts on invasive species. When 
competing with herbaceous invasive species, the ability to recover quickly after disturbances is a 
major criterion for shrub selection.  This study indicated that shrubs were effective in combating 
invasive species and that C. occidentalis is highly resilient, recovering more quickly than other 
species following climatic extremes and able to survive in more dry conditions than other shrubs. 
The durability of C. occidentalis likely contributed to its success in decreasing invasive species 
presence. It was able to survive not only in the field, but even succeeded in the greenhouse where 
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other shrubs did not thrive. Shrub success or failure was not influenced by P. arundinacea 
presence however, indicating the practicality of utilizing shrubs to combat the invasive species. 
The results observed here could be magnified if paired with other control techniques, such as 
manual removal of seed sources or soil nutrient alterations, as integration of numerous 
techniques is important (Taylor and Hastings 2004). But with the use of native shrub plantings, 
many of the often-utilized but detrimental techniques for invasive removal, such as herbicides 
that add chemicals to the ecosystem, can be avoided or reduced. Shrubs can provide a needed 
natural alternative that may also increase overall biodiversity by creating competition for the 
invasive herbaceous species and enhancing the trajectory of restoration. 
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FIGURES 
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Figure 1. High Acres Nature Area. Colors indicate shrub combinations in Area 2 North (C. 
occidentalis (BB), C. occidentalis + C. amomum (BBDW), C. occidentalis + S. sericea (BBW), 
C. amomum (DW), S. sericea (W), and C. amomum + S. sericea (WDW)) and single-species 
plantings in Area 3 (V. dentatum (AV), C. occidentalis (BB), C. amomum (DW), C. sericea 
(RO), and S. sericea (W)). Circles indicate single plots containing shrubs. Diamonds indicate 75 
plot pairs (plot without shrubs paired with shrub plot from original 120 plots) for vegetation 
analyses. Stars indicate 30 plot pairs used for physico-chemical and vegetation analyses. 
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Figure 2. Health rating (see Table A1) of shrub species (C. occidentalis, C. amomum, and S. 
sericea) in one and two species plots across all distances from the stream in Area 2 North (0, 2, 
5, or 10 m) for each year of study. Values are mean ± SE. 
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Figure 3. Survivorship of shrub species (C. occidentalis, C. amomum, and S. sericea) in one and 
two species plots across all distances from the stream in Area 2 North (0, 2, 5, or 10 m) for each 
year of study. Values are mean ± SE. 
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Figure 4. (a) Total species richness and species richness for all invasive and non-invasive forbs 
and (b) Shannon-Weiner Diversity Index in Area 2 North paired plots with shrubs (+ Shrubs) and 
without shrubs (- Shrubs) in 2013, 2014, and 2015. Values are mean ± SE. * indicates significant 
difference in paired t-test (P < 0.05) for diversity between shrub and no shrub plots. Richness and 
biodiversity data for all shrub treatments are located in Table A2. 
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Figure 5. Difference in percent cover of (a) invasive forbs, (b) non-invasive forbs, and (c) P. 
arundinacea between paired plots with and without shrubs by treatment in 2013, 2014, and 2015. 
Treatments include: C. occidentalis (BB), C. amomum (DW), and S. sericea (W). Positive values 
indicate higher percent cover in plots containing shrubs. Values are mean ± SE. * indicates 
significant difference in paired t-test between shrub and no shrub plots (P < 0.05). Differing 
letters indicate significant difference between shrub species within each year based on Wilcoxon 
test. Percent cover data for each target species by shrub treatment are located in Table A3. 
 
 
*  * *  * 
 * *  * * 
 * *       *       * 
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Figure 6. Area 2 North (a) light availability at soil surface in shrub (+ Shrub) and paired no 
shrub plots (- Shrub). Differing letters indicate significant difference (P < 0.05) between 
treatments. (b) Soil extractable nitrate concentration and c. soil total phosphorus concentration 
from 30 plot pairs of shrub (+ Shrubs) or no-shrub (- Shrubs) plots for 2014 and 2015. 
Significant difference (P < 0.05) between shrub and no-shrub plots within a year indicated by * 
for nutrient analyses. All values are mean ± SE.  
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Figure 7. Area 3 (a) total species richness and species richness of invasive and non-invasive 
species and (b) Shannon-Weiner Diversity Index in plots with shrubs (+ Shrubs) and without 
shrubs (- Shrubs) in 2015. Significant difference (P < 0.05) between shrub and non-shrub plots 
within species type indicated by *. Values are mean ± SE. Richness and biodiversity data by 
shrub species are located in Table A4. 
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Figure 8. Area 3 difference in percent cover of most common species between plots with and 
without shrubs (+Shrub minus –Shrub) for all shrub treatments in 2015. Positive values indicate 
higher diversity in plots containing shrubs. AV = V. dentatum, BB = C. occidentalis, DW = C. 
amomum, RO = C. sericea, and W = S. sericea. Values are mean ± SE and a significant 
difference (P < 0.05) between shrub and non-shrub plots for each shrub treatment is indicated by 
*.  Percent cover data are located in Table A5. 
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Figure 9. (a) Survivorship of P. arundinacea, (b) height (cm) of P. arundinacea, and (c) mass 
per culm (g) of P. arundinacea in pots containing only P. arundinacea (RCG) and pots 
containing combinations of P. arundinacea and a shrub in 2014 and 2015. Shrub treatments 
include: BB = C. occidentalis, DW = C. amomum, RO = C. sericea, and W = S. sericea. N.D. 
indicates No Data. Values are mean ± SE. Differing letters above bars [A, B or X, Y, Z] 
indicates significant difference (P < 0.05) between all treatments in 2014 and 2015, respectively.  
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Figure 10 (a) Overall survival and (b) number of leaves of shrub live stakes in each treatment 
containing shrubs only (- RCG) and those containing a combination of a shrub live stake and P. 
arundinacea (+ RCG) in 2014 and 2015. Shrub treatments include: C. occidentalis (BB), C. 
amomum (DW), C. sericea (RO), and S. sericea (W). N.D. indicates No Data. All leaf values are 
mean ± SE. All survival values are percentage. Paired t-tests indicated no significant difference 
between (+ RCG) and (-RCG) pots for leaf count. 
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Figure 11.  Soil pH in each treatment from the 2015 greenhouse experiment (pots of P. 
arundinacea only (RCG), C. occidentalis (BB), C. amomum (DW), C. sericea (RO), S. sericea 
(W), C. occidentalis with P. arundinacea (BB + RCG), C. amomum with P. arundinacea (DW + 
RCG), C. sericea with P. arundinacea (RO + RCG), and S. sericea with P. arundinacea (W + 
RCG)). Values are mean ± SE. Differing letters above bars [A, B, C] indicates significant 
difference (P < 0.05) between treatments.  
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Table 1. Results of a three-way ANOVA of shrub health rating and survival for each shrub 
species in Area 2 North with year, number of species, and distance as fixed factors.   
  C. occidentalis C. amomum S. sericea 
Health Rating DF F P F P F P 
Year 3, 416 84.88 <0.0001 68.81 <0.0001 107.04 <0.0001 
# of Species 1, 418 34.23 <0.0001 12.49 0.001 28.35 <0.0001 
Dist. 3, 416 2.30 0.077 1.90 0.129 1.92 0.126 
Year * # of Species 3, 412 3.74 0.011 2.84 0.038 4.26 0.006 
Year * Dist. 9, 404 1.39 0.189 1.57 0.122 1.40 0.185 
# of Species * Dist. 3, 412 3.28 0.021 0.60 0.616 0.61 0.610 
Year * # of Species * Dist. 9, 396 0.45 0.905 1.62 0.109 1.44 0.168 
        
Survivorship        
Year 3, 416 58.34 <0.0001 53.46 <0.0001 61.64 <0.0001 
# of Species 1, 418 2.18 0.141 1.12 0.293 2.98 0.085 
Dist. 3, 416 15.45 <0.0001 9.65 <0.0001 0.53 0.659 
Year * # of Species 3, 412 3.11 0.026 2.28 0.079 0.98 0.401 
Year * Distance 9, 404 4.76 <0.0001 2.60 0.006 1.51 0.142 
# of Species * Dist. 3, 412 2.33 0.074 1.20 0.308 3.67 0.012 
Year * # of Species * Dist. 9, 396 1.13 0.337 0.31 0.970 0.96 0.476 
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Table 2: Results of a three-way ANOVA of shrub health rating and survival for 2015 in Area 2 
North with shrub species, number of species, and distance as fixed factors. 
Health Rating DF F P 
Shrub 2, 177 4.43 0.013 
# of Species 1, 178 42.15 <0.0001 
Dist. 3, 176 2.32 0.078 
Shrub * # of Species 2, 174 0.95 0.391 
Shrub * Dist. 6, 168 2.46 0.027 
# of Species * Dist. 3, 172 0.24 0.869 
Shrub * # of Species * Dist. 6, 156 1.21 0.305 
  
  
  
Survival DF F P 
Shrub 2, 177 0.46 0.631 
# of Species 1, 178 3.79 0.053 
Dist. 3, 176 2.76 0.044 
Shrub * # of Species 2, 174 0.14 0.8733 
Shrub * Dist. 6, 168 1.97 0.0728 
# of Species * Dist. 3, 172 0.34 0.7963 
Shrub * # of Species * Dist. 6, 156 0.96 0.4512 
 
Table 3. Results of paired t-tests between shrub and no-shrub plots in Area 2 North conducted 
for richness of invasive forb species, non-invasive forb species, total forb richness, and Shannon-
Weiner Diversity Index.  
Species Richness  DF T P 
2013 Total 149 -5.30 <0.0001 
 Invasive 149 4.84 <0.0001 
 Non-invasive 149 -8.07 <0.0001 
2014 Total 149 -3.71 0.0003 
 Invasive 149 4.83 <0.0001 
 Non-invasive 149 -7.15 <0.0001 
2015 Total 74 -2.77 0.007 
 Invasive 74 -0.66 0.511 
 Non-invasive 74 -2.89 0.005 
Shannon-Weiner Diversity Index     
2013  149 -3.42 0.001 
2014  149 -4.54 <0.0001 
2015  74 -0.62 0.539 
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Table 4. Results of paired t-tests between single-shrub and no-shrub plots in Area 2 North and 
Wilcoxon tests between shrubs for percent cover of target invasive and target non-invasive 
species from 2013 to 2015 and between shrub and no-shrub plots for P. arundinacea percent 
cover only from 2013 to 2015.  
  2013 2014 2015 
Paired t-test  DF T P DF t P DF t P 
Invasive BB 77 4.12 <0.0001 77 5.43 <0.0001 38 2.74 0.009 
 DW 77 0.43 0.666 77 1.76 0.083 38 1.23 0.227 
 W 77 1.58 0.117 77 2.91 0.005 38 1.00 0.323 
Non-invasive BB 77 -3.03 0.003 77 0.18 0.858 38 -0.09 0.928 
 DW 77 -3.26 0.002 77 -2.14 0.035 38 0.03 0.975 
 W 77 -3.65 0.001 77 -1.56 0.123 38 -1.27 0.211 
P. arundinacea BB 25 2.72 0.012 25 4.59 0.0001 12 1.83 0.092 
 DW 25 0.34 0.740 25 2.38 0.025 12 -0.80 0.438 
 W 25 1.98 0.059 25 3.71 0.001 12 0.72 0.487 
           
   2013  2014  2015 
Wilcoxon test  N ChiSq P N ChiSq P N ChiSq P 
Invasive  234 10.32 0.006 234 6.08 0.048 117 0.84 0.657 
Non-invasive  234 0.67 0.716 234 2.53 0.283 117 0.55 0.758 
P. arundinacea  78 3.67 0.160 78 2.05 0.358 39 3.91 0.141 
 
Table 5. Results of Wilcoxon tests between pots with and without P. arundinacea for leaf count 
of each shrub species (BB = C. occidentalis, DW = C. amomum, RO = C. sericea, W = S. 
sericea) in 2014 and 2015 greenhouse experiments. N = 25 for each species per year. . N.D. 
indicates No Data where W was not used in 2014.  
 2014 2015 
 ChiSq P ChiSq P 
BB 2.09 0.148 0.001 0.975 
DW 1.39 0.239 0.000 1.000 
RO 1.98 0.159 0.057 0.812 
W N. D. N. D. 0.879 0.349 
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Table A1. Health rating scale of shrub live stakes. 
 
Health Rating Description 
1 = Poor Health 60% of leaves possess herbivory marks and/or burns. Leaves less 
than 5 cm in length (all species). 
2 = Fair Health 40% of leaves possess burns, herbivory marks or are shriveled. 
3 = Moderate/Good 
Health 
Either: 
- Healthy leaves without multiple branches 
OR 
- Multiple branches with some damaged leaves.  
4 = Very Good Health At least 75% of leaves without burn or herbivory marks and/or 
multiple branches. 
5 = Excellent Health 98% of leaves without burn or herbivory marks and numerous 
branches. Buttons or berries growing.  
 
  
 44 
Table A2. Shannon-Weiner Diversity Index and species richness in Area 2 North for all shrub 
treatments (C. occidentalis [BB], C. occidentalis + C. amomum [BBDW], C. occidentalis + S. 
sericea [BBW], C. amomum [DW], S. sericea [W], and C. amomum + S. sericea [WDW]) and 
paired no shrub plots in 2013, 2014, and 2015 (Mean ± SE). 
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Table A3. Percent cover of select dominant invasive and non-invasive forb species in Area 2 
North for all shrub treatments (+ Shrub) and paired no shrub plots (- Shrub) in 2013, 2014, and 
2015 (Mean ± SE).  Treatments include C. occidentalis (BB), C. occidentalis + C. amomum 
(BBDW), C. occidentalis + S. sericea (BBW), C. amomum (DW), S. sericea (W), and C. 
amomum + S. sericea (WDW). Paired t-test results indicated between (+ Shrub) and (- Shrub) 
columns by * (≤ 0.05), ** (≤ 0.01), and *** (≤ 0.001). 
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Table A4. Shannon-Weiner Diversity Index and species richness of total species and common 
invasive and non-invasive species in Area 3, grouped by shrub treatment (AV = V. dentatum, BB 
= C. occidentalis, DW = C. amomum, RO = C. sericea, and W = S. sericea) (Mean ± SE). Paired 
t-test results indicated between (+ Shrub) and (- Shrub) columns by * (≤ 0.05), ** (≤ 0.01), and 
*** (≤ 0.001). 
 
 
+ Shrub - Shrub + Shrub - Shrub + Shrub - Shrub + Shrub - Shrub
AV 1.1 ± 0.1 1.0 ± 0.1 2.9 ± 0.2 * 4.0 ± 0.4 0.8 ± 0.2 0.3 ± 0.2 2.1 ± 0.4 * 3.7 ± 0.5
BB 0.7 ± 0.1 0.8 ± 0.1 4.6 ± 0.4 3.3 ± 0.3 0.1 ± 0.1 0.6 ± 0.2 4.5 ± 0.4 * 2.7 ± 0.2
DW 1.0 ± 0.1 0.9 ± 0.1 3.4 ± 0.3 ** 2.6 ± 0.2 0.2 ± 0.1 1.0 ± 0.2 3.2 ± 0.3 * 1.6 ± 0.3
RO 0.9 ± 0.1 0.9 ± 0.1 2.4 ± 0.2 3.8 ± 0.4 1.0 ± 0.3 ** 0.5 ± 0.2 1.4 ± 0.2 ** 3.3 ± 0.5
W 1.0 ± 0.1 ** 0.7 ± 0.1 4.6 ± 0.3 *** 2.6 ± 0.3 0.4 ± 0.2 0.8 ± 0.2 4.2 ± 0.3 *** 1.8 ± 0.4
Diversity Index Total Richness Invasive Richness Non-invasive Richness
 47 
Table A5. Percent cover of common invasive and non-invasive forb species in Area 3 grouped 
by shrub treatment (AV = V. dentatum, BB = C. occidentalis, DW = C. amomum, RO = C. 
sericea, and W = S. sericea) (Mean ± SE). Paired t-test results indicated between (+ Shrub) and 
(- Shrub) columns by * (≤ 0.05) and ** (≤ 0.01). 
 
 
